Recently, it has been shown by Calladine (1982) and Dickerson (19837 that DNA distortions due to steric clashes between opposing purines and pyr^midines can be quantitated based upon four sum functions. The distortions involve helical twist, roll, torsion angle variations and propeller twist. It is the contention of the authors that these perturbations in structure act as information carriers for various external DNA interactions. This paper describes a system that incorporates these four rules and various other functions that permit the systematic interactive exploration for significant patterns as a consequence of these steric clashes.
INTRODUCTION
It is well known that the helix of a B-DNA molecule is not uniform (1-5). It was proposed by Calladine (6) that deviations from the "ideal" conformation are due to steric hindrance between nearest neighbor purines on opposite strands. This hindrance results from the larger size of the purines as compared with the complementary pyrimidines and the propeller twist of the base pairs in the DNA.
These produce van der Waals clashes which thereby impose distortions. Such distortions may very well be information carriers at a higher level than the direct sequence information. Indeed, there are instances where regions have been shown to have functional similarity but upon close examination of the underlying sequence, no real consensus could be established. Studies comparing sequence homologies vs. structural homologies are
The program was written in the language SAIL (9) on a DECSYSTEM-10720 using a Tektronix 4014 compatible display and the OMNIGRAPH graphics package. The source code will be provided upon the receipt of a written request and a blank tape sent to the first author. SAIL and OMNIGRAPH may be obtained from the Division of Computer Research and Technology of the National Institutes of Health. discussed in (7, 8) . It is the feeling of the authors that at least some of the information is carried at the level of DNA deformations due to these steric clashes and that proteins seek out these deviations, at least as a first attempt at locating functional sites.
It is the object of this paper to describe a system * that has been useful in detecting some interesting structural features based upon the Calladine-Dickerson-rules. The paper is primarily a description of the functions available to the user. For specific details concerning some of the uses to which this system has been employed, the reader is urged to read (10, 11) .
CALLADINE-DICKERSON RULES
Calladine proposed that the steric clashes that occur due to purine/pyrimidine hinderances induce distortions in the DNA strand. When the opposing strands contain an R-Y vs. a Y-R (R stands for Purine and Y stands for Pyrimidine) the clash is in the major groove. When the opposing strands contain a Y-R vs. a R-Y, a more severe minor groove clash occurs. To compensate for this induced strain, Calladine proposed four ways for the DNA to overcome it: 1) Rotation around the DNA axis, ie. reducing the twist angle. 2) Rotation about the long axis of the base-pairs. 3) Shift of the DNA backbone sideways, towards the pyrimidines. 4) Suppression of the propeller twist. ' In 1983, Dickerson (12) proposed a numerical measure for the compensations expressed above. These are defined in four sigma functions.
Using these numerical quantities, the DNA distortions were computed for several synthetic oligomers for which crystal structures were available. The results for the first three sigma functions compare quite favorably with the actual data. The last sigma function did not fit the data quite as well.
The system described in this paper has incorporated the four sigma functions as well as support functions to help analyze curves that are generated from them.
The support These values are assigned for the bases rather than the base pair steps. Each unit corresponds to a 3.6 degree reduction in propeller twist, starting at 24.3 degrees.
The value of the above functions are determined at any point by summing the values in overlapping windows. The window size is determined by the patterns as they appear above.
THE ANALYSIS SYSTEM
Since, many times it is not known in advance the specific pattern that might be of interest when examining curves such as those produced by the Calladine-Dickerson rules, the analysis system provides several interactive functions that have proven to be useful in attempting to discover these new patterns. These functions will now be enumerated. SIGMA1-SIGMA4 -Any one of the four Calladine-Dickerson rules described above may be computed for a given sequence. The results of the application of these functions to a given sequence may then be displayed graphically and/or manipulated by further interactive operations. Figure 1 shows a) The number of positive and negative angles can be computed along with their sums and averages. This is an interesting measure of the degree of oscillation of the angles that exist within a given region. It was shown in (10) that an area of interest had the widest swings. b) The average and standard deviation of distances between matched features may also be computed. This is useful for determining if there is any clustering of features along the strand. c) Purine-pyrimidine and base composition for any given region may also be determined. The system is menu driven so that the user does not have to memorize the individual commands. Prompts are given whenever specific pieces of information are required. The menu may be turned off for those users who are familiar with the commands. The system may be used in a batch oriented node which makes it is possible to set up a file of commands that may be continuously applied to any number of sequences. As was noted above, functions are composable in the sense that one may generate a curve for say SIGMA1, then compute the square of the curve, then compute the average of the square of the curve without regenerating the curve at each step.
Annotation is generated within the display so a record is available of the sequence of operations that were performed to generate the curve.
It should also be noted that the system is very extendable in the sense that as experimentation has indicated the potential utility of other functions, it was fairly easy to incorporate them into the system. This is possible because the addition of a new function does not require any alteration to the main structure of the program.
CONCLUSION
A useful DNA sequence analysis system has been developed specifically with the idea of analyzing DNA strands that undergo distortions as defined by the Calladine-Dickerson rules.
The functions described have shown their utility in determining some interesting properties of DNAase I hypersensitive sites (10) and enhancer regions (11).
Specifically, it has been shown by the authors in (10), that DNAase I sensitive and hypersensitive sites in chromatin are correlated with regions of successive, large, helical twist angle variations from regular B-DNA. It was also found in this study that in many cases these regions exhibit large variations in base-pair roll and backbone torsion angles as well. In (11), the authors have shown that enhancers appear to have recurring, periodic homologous twist-angle patterns. It was shown that these patterns have periodicities equaling that of the double helix. In three rotational turns of the DNA, a particular positive negative twist angle deviation pattern was observed. This was discovered using the rotational face function described above. The periodicity and symmetric nature of the repeating twist-angle features offer a possible explanation of the fact that inverted enhancers are still functional.
Because the technique has proven itself of value as an aide for locating potentially interesting areas in a molecule, the concept has been expanded to the two-dimensional realm for the comparison of sequences using the Calladine-Dickerson paradigm. The technique involves the use of a dot matrix such as is described in (13,14) . A manuscript discussing this technique is now in preparation.
